The present paper reports on the induction of two cell surface markers on human lymphoid cells following herpes simplex virus (HSV) infection. While both primary and chronic infections of human lymphoid cells led to the induction of receptors for the Fc region of 7S IgG, chronic HSV infection was also characterized by the induction of surface-bound IgM. Surface and intracellular Fc receptors were detected in the human lymphoid cell line, Raji, infected with HSV types 1 and 2. Under optimal conditions with a multiplicity of infection (m.o.i.) of 50 to IOO p.f.u, per cell, this marker was inducible in only about 53 of the infected cells. Kinetic studies revealed the appearance of these receptors at around 5 h following HSV infection and they reached a plateau I6 to 18 h p.i. Interestingly, this Fc receptor expression (i.e. percentage of positive cells) was found to be similar in primary and chronically HSV-infected Raji cells. Both human leukocyte interferon and phosphonoacetic acid (PAA), an inhibitor of herpesvirus DNA polymerase activity, effectively inhibited Fc receptor synthesis during primary HSV-infection and these two agents suppressed its induction in chronically HSV-infected Raji (Raji-HSV) cells. This inhibitory or suppressive effect, particularly of PAA, suggests that this HSV-induced Fc receptor may represent a late virus function in the infected cell. Unlike primary HSV infection, about 8o ~o of the chronically HSV-infected Raji cells were found to express surfacebound IgM. This IgM induction was suppressed by long-term interferon treatment but not with PAA-treatment. Superinfection studies of interferon and PAA-treated Raji-HSV cells indicated that only the former would develop Fc receptors suggesting a protective role of this IgM against superinfection by HSV.
INTRODUCTION
Surface structures are of fundamental importance for the interaction of cells with various constituents of their environment. One such structure is the binding site for the Fc region of the immunoglobulin G (IgG) molecule (Fc receptor) usually found on the surface of sub-populations of human lymphoid cells, both normal and malignant (Kerbel & Davies, 1974) . Although normal non-lymphoreticular cells apparently lack such receptors, direct evidence for the development or induction of an IgG-Fc receptor has been reported in herpes simplex virus (HSV) and cytomegalovirus (CMV)-infected fibroblast and epithelial cells (Watkins, 1964, I965; Yasuda & Milgrom, i968; Westmoreland & Watkins, I974;  * To whom reprint requests should be addressed.
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A. E. BOURKAS AND J. MENEZES Furukawa et al. t975; Keller et al. I976; Rahman et al. I976; Westmoreland et al. t976) . Moreover, IgG-Fc receptors have also been demonstrated on cells transformed by HSV (Westmoreland et al. 1974 ) as well as on a variety of tumour cells (Kerbel & Davies, I974) .
The present study was motivated by the following considerations: since there exist in the human lymphoid cell population subpopulations of cells normally carrying IgG-Fc receptors, as well as subpopulations lacking such receptors, and since both HSV types and 2 can infect human lymphoblastoid cell lines (LCL; Menezes et al. I976b) , we decided to investigate whether primary and chronic infection by these viruses of a human B type LCL, Raji, would lead to the induction of an IgG-Fc receptor. Furthermore, a comparative study was carried out to examine the surface properties of the Raji LCL with its chronically HSV-infected counterpart.
Our findings show that both primary and chronic infections by HSV in Raji cells lead to the induction of both surface and intracellular Fc receptors. In addition, unlike primary HSV infection, chronic infection by HSV was surprisingly characterized by the induction of surface-bound IgM on Raji cells. Moreover, the results obtained using phophonoacetic acid (PAA), an inhibitor of herpesvirus-DNA polymerase activity, suggest that this herpesvirus-induced Fc receptor may represent a late virus function in the infected lymphoid cell.
METHODS
Cell cultures. Raji cell line is an Epstein-Barr virus (EBV) genome-positive but nonproducer, Burkitt lymphoma-derived lymphoblastoid cell line (Pulvertaft, I965) while the chronically HSV-infected Raji LCL, referred to hereafter as Raji-HSV, was derived following an in vitro infection with HSV type I DNA as given elsewhere (Seigneurin et al. 1976 ) and was kindly supplied by Dr G. de Th6 (IARC, Lyon, France). Both cell lines were grown in RPMI-~64o medium supplemented with Io~o heat-inactivated foetal bovine serum (FBS), penicillin (Ioo units/ml) and streptomycin (Ioo/zg/ml) as described previously (Menezes et al. I975) .
Primary and secondary rabbit kidney cells were propagated in minimum essential medium (MEM) containing IO~o FBS and antibiotics as above for RPMI media. HSV-infected cells were also maintained in MEM containing 2 ~ FBS at the same antibiotic concentration as given above.
Virus preparations and infection. Stocks of HSV type I (strain Mclntyre) and type a (strain MS), were prepared by rapidly freezing and thawing HSV-infected rabbit kidney cells and were titrated by plaque forming assay.
For Fc receptor induction assay, cells were infected with HSV at different m.o.i, as given below (see Results).
Detection of surface IgG-Fc receptors. Surface Fc receptors were detected by a rosetting assay, basically following the procedure described by Jondal & Klein (I973) . Ox red blood cells were sensitized with the maximum subagglutinating concentration of the IgG fraction of rabbit anti-ORBC serum. The rosette procedure was carried out as follows: o.a rnl of a i ~ suspension of the IgG-coated ORBC was added to a pellet of 2"5 × IO 5 lymphoid cells. After mixing thoroughly, the suspension was centrifuged at 4o0 g for 5 min and the pellet was incubated for zo min at 37 ° C. Subsequently, the pellet was gently resuspended and examined microscopically. The following controls were also carried out to confirm the specificity of the rosette assay: (a) unsensitized OR BC÷lymphoid cell, (b) lymphoid cells q-ORBC coated with rabbit IgM, (c) lymphoid cells pre-incubated with heat-aggregated IgG from normal rabbit serum-~IgG coated ORBC, (d) lymphoid cells pre-incubated with IgM from normal rabbit serum q-lgG coated OR BC. With the exception of (d), no rosetting was observed in these controls. To determine the percentage of Fc receptor positive cells, aoo lymphoid cells were counted.
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Detection ofintracellular Fc receptors. This was carried out by direct immunofluorescence staining using non-immune fluorescein isothiocyanate (F1TC)-conjugated rabbit IgG on acetone-fixed cell smears. The procedure used was as follows: lymphoid cell suspensions were first washed twice in phosphate-buffered saline (PBS), pH 7"2, and cell smears were prepared each containing 2 × IO 5 cells. They were subsequently air dried and fixed for 5 min at --2o °C. These acetone-fixed smears were then incubated for 45 min at room temperature with a I:3O dilution of the non-immune rabbit IgG FITC-conjugate, then washed twice with PBS, counterstained with o.oI5~ Evans blue, washed three times with PBS and mounted with buffered glycerol (one part glycerol in one part PBS). Immunofluorescence studies using FITC-conjugated Fc fragments from rabbit IgG and IgM preparations confirmed that the specificity of the receptor was for the Fc fragment of IgG only.
Detection of surface-bound immunoglobulin. The different surface membrane immunoglobulins (IgG, IgA, IgM, IgD, IgE) were detected by direct membrane immunofluorescence using i : 3o diluted FITC-conjugated goat antibodies against the different immunoglobulin classes (Hyland Laboratories, Costa Mesa, California) as previously described (Jondal & Klein, 1973) . Briefly, 2 × 2o 6 cells washed twice with PBS were treated with FITC-conjugated anti-human immunoglobulin reagent at 4 °C for 45 min. The cells were subsequently washed three times with cold PBS and a drop of buffered glycerol (PBS-glycerol; I:I) was then added to the cell pellet. The percent of fluorescent cells was determined by counting at least 20o cells on a Reichart Immunopan u.v. microscope. In addition, a goat anti-human IgM FITC-conjugate containing only the F(ab')2 fragment (Cappel Laboratories, Cochranville, Pennsylvania) was also used as described above.
Phosphonoacetic acid (PAA) treatment. A stock solution of PAA (ICN Pharmaceuticals, Plainview, New York) containing 5 mg/ml was prepared in double-distilled water and sterilized by Millipore (o.12/~m filter; Millipore Corp., Bedford, Mass. U.S.A) filtration. Under experimental conditions, as established previously for the use of PAA (Menezes et al. I978) , this drug was used at a concentration of 200 #g/ml of culture medium and a minimum pre-treatment period of 48 h was found to be essential for maximum inhibitory effects. Therefore, in the present study, the treatment procedure consisted of pre-treating the Raji cells with PAA for 72 h prior to virus infection. PAA, at this same concentration, was also added to the culture medium following infection. To study the effect of PAA on the Raji-HSV line, PAA at a concentration of 2oo #g/ml was maintained throughout the entire experiment. It is noteworthy that PAA, at this concentration, was found not to have any significant effect on either cell viability or growth.
Interferon treatment. Partially purified human leukocyte interferon containing 2-5 × IO 6 interferon units (IU) per ml 0o 5 IU/mg protein) was produced in Sendai virus-treated leukocytes and had been kindly supplied by Dr Kari Cantell (Central Public Health Laboratory, Helsinki, Finland). The interferon was used at a concentration of 2oo IU/ml of culture medium (Menezes et al. 1976b) . The interferon treatment procedure used for both Raji and Raji-HSV cells was identical to the one given above for PAA.
Detection of complement and sheep red blood cell ( SRBC) receptors. Complement receptors were detected by means of a rosette assay using SRBC sensitized with IgM and mouse (A-strain) complement as previously described (Jondal & Klein, I973) . Receptors for SRBC were also detected by a rosetting assay as described elsewhere (Menezes et al. I976a) .
RESULTS

Kinetics and optimal conditions of Fc receptor induction
Since the percentage of Fc receptor-bearing lymphoid cells can be determined quite accurately as compared to HSV-infected monolayers, experiments were first performed in Virus and cell mixtures were incubated for I h at either 4 or 37 ° C, washed three times with cold MEM to remove unbound virus and immediately assayed for Fc receptor expression.
§ These control samples were incubated for 24 h at 37 ° C as described in Methods.
order to establish the optimal conditions in terms of both m.o.i, and time p.i. for the virusinduced Fc receptor expression. It was thus found that Fc receptor induction by both HSV-I and HSV-2 reached a peak expression, in terms of highest number of Fc receptor positive cells, at a m.o.i, of5o p.f.u./cell (Fig. I) . Therefore, using a m.o.i, of ioo p.f.u./cell, a kinetic study was carried out to determine precisely the time required for the Fc receptor induction. The results given in Fig. 2 indicate that the earliest expression of HSV-induced Fc receptor occurred at approx. 5 h p.i. and increased progressively. A plateau of 53 and 5 ° ~ of Fc receptor-positive cells was reached by HSV-I and HSV-2, respectively, after I6 to I8 h p.i. and was followed from 26 h onward by a continuous loss of cell viability in the infected cultures. Unless otherwise specified, all the subsequent primary infections and superinfections with HSV, given below, were carried out using a m.o.i, of Ioo p.f.u/cell and the infected cells were harvested at 24 h p.i. for the detection of Fc receptor expression. In addition, we found that when heat-inactivated (6o °C for I h) HSV preparations were used, they lost the ability to induce Fc receptors. Furthermore, when HSV preparations were 
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In an attempt to determine whether HSV-induced Fc receptor activity could be associated with HSV envelope structure, Raji cells were incubated with HSV preparations at m.o.i. of up to IO 5 p.f.u./cell and immediately assayed (following three washings of these cells to remove unbound virus particles) for Fc receptors. Since no EA-rosettes were detected (Table  I) immediately following virus adsorption (regardless of whether the virus and cell mixture was incubated for I h at 4, 2o or 37 °C). this would suggest that HSV-induced Fc receptors may not be associated with the virion surface. This observation was further supported by the fact that highly concentrated HSV preparations lacked haemagglutinating activity for IgG-coated SRBC.
Main surface markers of HSV-infected Raft cells
After receiving the Raji-HSV cells from Dr de Th6, experiments on HLA and karyotyping were performed to confirm the identity of this line with its uninfected counterpart (Raji) and no significant differences were observed between these two Raji sub-lines. Consequently, in parallel with Fc receptors, we investigated whether HSV-infection would alter surface immunological markers of Raji cells, mainly the expression of surface-bound immunoglobulin and the receptors for complement and SRBC. Table 2 shows these surface characteristics of the uninfected, as compared to the primary and chronically HSV-infected Raji cells. The results obtained show that, as in the case of primary infection, chronic infection of Raji cells also leads to the induction of Fc receptors. Thus, Fc receptor expression in Raji-HSV cells is as high as that found in primary HSV-infected Raji cells (52 to 55Yo). In comparison, only around I ~ of the uninfected (control) Raji cells were found to be positive for this marker. On the other hand, there were no detectable changes with regard to the expression of both complement and SRBC receptors as a consequence of HSV infection. Surprisingly, however, chronic HSV infection, contrary to primary HSV infection, was characterized by a remarkably high surface IgM expression.
In order to confirm that it was indeed IgM which we were detecting and not unspecific binding by the Fc portion of the conjugated anti-IgM antibody molecule, we decided to use a specific anti-human IgM FITC-conjugate which contained only the F(ab')~ fragment. The results obtained (Table 2) confirm the observation that Raji-HSV indeed possesses surface IgM detectable by immunofluorescence. Approximately 8o ~ of the Raji-HSV cells were found to express surface IgM whereas only about I Yo of the primary HSV-infected and uninfected Raji ceils were positive for this marker. All the cell cultures used were found to be negative when tested for the presence of surface-bound immunoglobulin for the other four classes (IgA, IgD, IgE and IgG). Furthermore, superinfection of the Raji-HSV cell line by HSV-I and HSV-2 did not further increase the expression of Fc receptors or surfacebound IgM.
In contrast to chronic HSV-infection, no IgM induction was detectable in Raji cells following primary HSV infection. Attempts to detect surface IgM were unsuccessful in samples taken up to 25 h p.i. ; since these cells progressively lost their viability from 26 h onward following primary infection, it was not possible to examine them further for IgM expression.
Intracellular and surface HSV-induced Fc receptors
A comparative study was carried out to determine whether HSV infection would also lead to the expression of intracellular Fc receptors in primary and chronically HSV-infected Raji cells. As shown in Table 2 , it was found that in both primary and chronically "~ Assays for the detection of surface-bound IgA, IgD, IgE and IgG were carried out using specific antisera for each of these Ig classes. ~: nd -not done. 
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Effect of PAA and interferon treatment on Fc receptor and surface IgM expression
We first investigated the effect of PAA and interferon on Fc receptor induction following primary infection on Raji cells. The cells were pre-treated with either PAA or interferon for 72 h prior to infection by HSV-I or HSV-2. Longer pre-treatment with these agents was found to have no further inhibitory effect. As shown in Table 3 , both agents significantly inhibited the induction of this HSV-induced Fc receptor.
Surprisingly, while a prolonged treatment of the Raji-HSV cells (Table 4) with PAA suppressed only the Fc receptor induction, a prolonged treatment with human interferon was found to suppress both Fc and IgM induction. Interestingly, the removal of these agents for a period of up to 9o days was not found to reverse the suppressive effects of PAA and interferon in the treated cell cultures. In addition, it was found that lysates and culture supernatants of the PAA-and interferon-treated Raji-HSV LCL, 9o days following removal of this treatment, no longer produced any c.p.e, or plaque formation in rabbit kidney cell monolayers. In contrast, infectious virus could regularly be detected both in cell lysates and supernatants of the Raji-HSV cell cultures by infectivity or plaque formation in rabbit kidney cells. This finding and the fact that Fc receptor expression in Raji-HSV cells, following prolonged treatment with PAA and interferon, decreased to the same level as in the uninfected Raji cells, would further imply the dependence of Fc receptor expression on HSV replication. Finally, since both interferon and PAA suppressed Fc receptors in Raji-HSV cells, experiments were performed to determine whether these cells were re-inducible for Fc receptors following the removal of these antiviral agents. Interestingly, the results obtained (Table 5) indicate that only the interferon-treated (which lost the HSV-induced IgM) and not the PAA-treated Raji-HSV cells were re-inducible for this marker following superinfection. However, the re-induction of IgM was not detectable at this time (2 4 h p.i.) and since the superinfected cell population progressively lost its viability, it was not possible to re-examine these cells for surface IgM at a later time.
DISCUSSION
This report relates to a study on the interaction of herpes simplex virus with human lymphoid cells and describes new observations on both the biology of HSV-induced Fc receptor and synthesis of surface IgM.
The data obtained show that both primary and chronic HSV infections are similarly characterized by the induction of Fc receptors. The observation that both primary and chronic infection of Raji cells by HSV is characterized by the induction of Fc receptors in approx. 5o~ of the cells is indeed interesting. The reasons why this expression is limited to only around half of the infected cell population are presently unknown. However, it is quite possible that a cellular control mechanism may play an important role in the synthesis of this receptor. In this regard, it may be important to note here that in another study (J. Menezes & A. E. Bourkas, unpublished data) , it was found that Fc receptor induction by HSV in B, T and 'null' (non-B, non-T) lymphoid cells is not correlated with the percentage of target cells bearing virus receptors.
It was previously found that fibroblast cells infected by CMV usually develop intracellular Fc (Furukawa et al. I975; Keller et al. I976) receptors (FcR) whereas HSV infection of these cells leads to the expression of surface FcR. Therefore in the present study, we invesigated both these types of receptors in primary and chronically HSV-infected Raji cells. The results obtained show that infection of lymphoid cells by HSV is characterized by the induction of both surface and intracellular Fc receptors to the same degree (i.e. same percentage of positive cells). We believe that these findings are highly relevant and must be taken into account in the future so as to avoid false positive reactions due to IgG-binding Fc receptors in herpesvirus serology and/or intracellular HSV antigen studies. This is also in accordance with the very recent findings of Simon (I977) who reported that the Fc receptor continues to function in terms of IgG or Fc binding ability, even following acetone fixation of HSVinfected cells.
Interestingly, it is also important to note at this point, that both PAA and human leukocyte interferon significantly inhibited the HSV-induced Fc receptor synthesis during primary infection, while these same agents were able to suppress the expression of this virus-induced marker in chronically infected cells. These findings would indicate that virus replication is required for HSV-induced Fc receptor synthesis. As it has been found (Costa et al. I978 ; McTaggart et al. I978 ) that the HSV-induced Fc receptor is sensitive to trypsin treatment, our observations, together with the results reported by others (Westmoreland & Watkins, 1974) using metabolic inbibitors (cytosine arabinoside, actinomycin D and puromycin) would indicate that this HSV-induced Fc receptor is a virus function and that it contains a virus coded protein, probably a glycoprotein (Costa et al. I978; McTaggart et al. I978) , in its structure.The evidence that both cellular RNA and protein synthesis are inhibited in HSV-infected cells (Flanagan, ~ 967; Roizman et al. 1973) supports the view that the receptor is virus coded. Furthermore, since PAA is an inhibitor of herpesvirus DNA polymerase activity and since our FoR induction kinetics were found to coincide with the sequence of gamma protein synthesis (Honess & Watson, i977) , the present finding would suggest that the HSV-induced Fc receptor represents a late virus function, probably a gamma protein.
Assuming that HSV-induced Fc receptor is a virus-coded protein (or glycoprotein), it will be important to determine whether it is also a structural component of the virion. However, the results obtained in Fc receptor detection immediately following HSV adsorption on Raji cells would suggest that it may not be associated with the envelope of the virion. This is further supported by the fact that concentrated HSV preparations were unable to haemagglutinate IgG-coated SRBC.
It is noteworthy that a recent report by Costa et al. (I978) indicated that, contrary to our present data, PAA had no effect on the Fc receptor induced by HSV in a human retinoblastoma cell line. The likely explanation for this difference may be due to the fact that in our experimental approach a pre-treatment period was found to be essential for maximum inhibitory effects, while these investigators initiated PAA treatment only after virus infection. Furthermore, others had indicated that the inhibitory effects of PAA are slow to take effect, which may be related to the low permeability of the cells to this inhibitor; in addition, there appears to be a large discrepancy between the extracellular concentrations of the drug necessary to prevent virus growth and DNA synthesis and the concentrations required to inhibit virus DNA polymerase in vitro (Mao et al. 1975; Honess & Watson, I977) . Finally, the possibility that these differences in sensitivity to PAA may also be related to the different cell type used by these authors cannot be excluded.
Our study on the main surface markers of HSV-infected Raji cells revealed another new and interesting phenomenon. Surprisingly, chronic HSV infection of Raji LCL (Raji-HSV) was found to be characterized by an induction of surface IgM in the majority of the cells (approx. 8o~). To our knowledge, this is the first report showing that chronic HSV infection can be accompanied by an induction of IgM synthesis in the target lymphoid cell. Interestingly, treatment of these cells with human interferon suppressed this IgM induction, while PAA treatment had no such inhibitory effect. This suppressive effect of long-term interferon treatment on IgM expression, taken together with the similar effect of PAA treatment on HSV-induced Fc receptor and virus production, suggests both these agents may have cured the treated Raji-HSV cells from HSV infection. This suggestion is also supported by the fact that removal of these agents after long-term treatment did not reverse either IgM or Fc receptor expression in the treated cells. Future experiments including molecular hybridization may be required to assess whether HSV-DNA sequences can be detected in Raji-HSV cells treated by these agents. In any event, the results on the inhibitory effect of interferon on IgM synthesis also appear to provide evidence for a regulating role of interferon on immunoglobulin production. We know of no other report showing that interferon can inhibit IgM synthesis in human lymphoid cells. The question as to whether IgM induction may also occur following primary HSV infection of Raji cells cannot be adequately answered at the present time, since the infected cells undergo a lytic cycle leading to a subsequent increase in mortality from 26 h onwards. It is possible, however, that a time period longer than 26 h may be required between the initial contact of HSV with the target-cell (B lymphoid cell) and the synthesis of detectable amounts of IgM by this cell. In addition, if this HSV-induced IgM represents a cellular product, induction of its synthesis will not occur during the HSV-productive (replicative) primary infection since both cellular RNA and protein synthesis would have been inhibited. Furthermore, it is unlikely that HSV codes for the synthesis of IgM, since this marker is not detectable in fibroblast of epithelial-type cells infected by this virus.
It is noteworthy that superinfection of Raji-HSV cells I4 days after removal of interferon led to a significant increase (to approx. 39 ~o) in Fc receptor expression. As Raji-HSV cells, after removal of PAA, did not respond similarly for Fc receptor induction and since interferon-treated Raji-HSV cells had lost the virus-induced surface IgM, this observation would suggest that the surface IgM in these chronically infected cells may have a protective role against superinfection by HSV. Preliminary attempts to detect IgM from spent media suggest that this immunoglobulin may not be shed, in significant amounts, in the culture supernatant of Raji-HSV cells. However, experiments in extracting the cell surface IgM and determining whether it possesses anti-HSV activity are presently in progress.
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